The feasibility of using slip casting of titanium powder as a method for manufacturing dental prosthetic appliances was examined. Slips with water-powder (W/P) ratios, 0.318, 0.354 and 0.391, and with minimum viscosities were cast in plaster molds. Castings were sintered in an argon atmosphere at 1373, 1473 and 1573 K for 3.6, 7.2 and 10.8 ks, respectively. Green densities and strengths of castings were 2.20 kg/m 3 and 2.31-3.82 MPa, respectively. Linear shrinkages and relative densities of sintered castings varied from 17.6 to 20.8% and 0.82 to 0.97 of the theoretical density of titanium, respectively. Tensile strengths and Vickars hardness of the sintered castings were 199.5-315.4 MPa and 233.0-247.7, respectively. There was almost no elongation. Decreasing porosity and crystal grain growth were found in the microstructures of sintered castings and rod-like precipitates of TiC with -titanium were also observed. Concentrations of carbon and oxygen in the microstructures of sintered castings were higher than those in wrought titanium. Fractured surfaces showed ridge patterns typical of brittle fracture. Further modification of the sintering atmosphere and the additives for the slip is needed to improve the microstructure of slip-cast sintered titanium.
Introduction
Titanium is an attractive biomaterial because of its good biocompatibity. 1) In dentistry titanium is processed by machining and casting. Ready-made artificial tooth roots are produced using wrought titanium. 2) Recently CAD/CAM design is also used to make crowns and bridges of titanium. [3] [4] [5] But up to now there are only a few CAD/ CAM applications because of the sophisticated machinery involved and higher costs. The development of titanium casting reached higher level of refinement than that of CAD/ CA design, because of the long history of the conventional dental lost wax process. [6] [7] [8] [9] [10] Titanium prosthetic appliances for individual use such as crowns, bridges, dentures and superstructures of implants can be made by casting. 11) However the dental casting of titanium presents a few inconvenients: 12) (1) the hard -case on surface of cast titanium decreases the metal ductility and fatigue resistance; the removal of the -case affects the fitting of the cast to prepared teeth; (2) incomplete casting often occurs because of the low mold permeability and inadequate gas pressure in the casting machine; (3) low pressure in the casting machine promotes the internal porosity; (4) usually special expensive casting machines are necessary.
Powder metallurgy (P/M) represents a solution for a part of the problems in the dental casting of titanium. Metallic materials are not melted and the investment materials are not used in the process. The formation of -case is decreased. P/ M products have net-shapes and incomplete casting is not encountered. The porosity of the products is controlled by adjusting the forming and the sintering conditions. There have been some basic studies on application of powder metallurgy to dentistry. Oda 13) studied various properties of sintered titanium and a titanium alloy, using pressure forming with a metal die as a forming method of powders. He reported that sintered materials of Ti-Al-Cu powder mixtures were more desirable than sintered pure titanium for dental appliances. He also described his techniques for forming powders in order to produce forms of appliances for clinical use such as a single crown, a single crown attached to a clasp and a denture base. Lee 14) carried out a study on titanium sintered by a plasma-activated sintering method based on the idea that practical forms of the various appliances could be manufactured by wire electric discharge machining of blocks sintered in short times by plasma-activated sintering method. Fuys et al. 15) examined the physical properties of a nickelbase alloy and a partial denture casting alloy, fabricated by isostatic pressing and sintering, and they concluded that the physical properties of the sintered materials are comparable with those of the cast alloy and compact bone.
Using powder metallurgy in dentistry one of the most important process before sintering is the forming of the prosthetic appliances from powder. In the studies cited above, the pressure forming is done using a metal mold, graphite mold and rubber mold. Dental prosthetic appliances are mostly personalized. Slip casting is suitable as forming method of the prosthetic appliances from powder. Slip casting is often used in ceramics and powder metallurgy. [16] [17] [18] The slip is a mixture of metal powder, water and additives. The slip is poured into a porous plaster mold and left standing while water is absorbed into the mold. Then the casting is separated from the mold, dried, and sintered.
We intend to use the conventional dental lost wax process for producing molds for slip casting. Various sizes and forms of dental wax patterns can be prepared by melting and carving in order to fit a large variety of the prostheses. Removing the wax through melting and burning produces the cavities in the molds. The mold is filled with the slip at room temperature under centrifugal force. After water absorption and drying the casting is sintered in the mold. We expect that the sintering shrinkage is compensated by using highexpansive molds.
The purpose of the present study was to assess the potential of slip casting of titanium powder, and to determine the 
Materials and Methods

Titanium powder
Commercial titanium powder (TC-459, Toho Tiatnium Co. Ltd., Tokyo, Japan) produced by the hydride/dehydride process 19) was used. The particle size was less than 16mm. The composition is shown in Table 1 , and the SEM image of the powder is shown Fig. 1 .
Plaster molds
Two kinds of split plaster molds used in this study are shown in Fig. 2 . These were produced by pouring a mixture of plaster and water (water/plaster ¼ 0:7) into the negative form of metal mold. The split plaster molds were separated from the metal mold after the mixture had set and were then dried in an oven at 318 K for 172.8 ks. One mold, used for a cylindrical casting, had a cavity of 10 mm in diameter and 30 mm in length, and the other mold had a dumbbell-type space and reservoir. Sizes of the dumbbell-type casting for tensile tests are shown in Fig. 3 .
Viscosities of slips
The compositions of three slips with different waterpowder ratio (W/P) are shown in Table 2 . The slips were prepared by mixing titanium powder, water and sodium alginate (chemical regent grade, viscosity at 1 w/v% and 293 K: 0.3-0.4 PaÁs; Wako Pure Chemical Industry, Ltd., Osaka, Japan) in a vessel with a motor-mixer for 0.9 ks, followed by evacuation to remove air bubbles in the slips. Minimum viscosity of each slip was examined with a rotation viscosimeter (BL-type, Tokyo Keiki Co. Ltd., Tokyo, Japan) at 298 K, adjusting pH of the slip with an aqueous solution of 3N-NaOH and 3N-HCl.
Forming
Metal cylinders that each had a volume of 3 cm 3 were placed on molds with cylindrical cavities as reservoirs. The three kinds of slips with minimum viscosity were poured into the cylindrical and dumbbell-type molds. The castings were separated from the molds after absorption of water for two days and were dried in an oven at 353 K for 3.6 ks.
Green density and strength
Green densities of the cylindrical castings were calculated by measuring the weights and sizes of the casting. Green strengths were examined by three point-bending of the cylindrical castings. The strength was measured with a material testing machine (IS-5000, Shimazu Co. Ltd., Kyoto, Japan) with the gauge length of 20 mm and the cross-head speed of 8:33 Â 10 À3 mm/s. Green density and strength both were measured five times.
Sintering
Each cylindrical casting was cut into three discs of 8 mm in length. The three discs were placed in titanium foil boxes with sponge titanium granules and heated in a high alumina 
Linear shrinkage and relative density
Linear shrinkage was calculated by measuring the lengths of the sintered disc before and after sintering. Relative density was calculated at the ratio of bulk density of the sintered disc to theoretical density of titanium (4.5 kg/m 3 ). Bulk density was measured on the basis of Archimedes' principle of buoyant force. For each W/P the measurements were done in triplicates, and the bulk density was considered the mean values.
Tensile strength, elongation and hardness
Tensile tests were performed three times for the sintered dumbbell-type castings produced from slips with different W/P ratios using the same material-testing machine operated with a crosshead speed of 8:33 Â 10 À3 mm/s. The gauge length of the sintered dumbbell-type castings was set to be 20 mm for calculation of elongation. Tensile strengths are mean values for three castings produced from three slips with different W/P ratios. Elongation was calculated on the basis of the gauge lengths before and after the tensile test. Tensile tests of commercial wrought Ti plates (JIS H4657, No.2) also were also performed as control materials along with the hardness measurement. In order to measure hardness, the above sintered discs were embedded in epoxy resin and then ground with SiC paper and polished with a suspension of aluminum particles. A micro-Vickers hardness-testing machine (M model, Shimazu Co. Ltd., Kyoto, Japan) with a load of 0.5 kg and loading time of 15 s was used. For each W/P ratio the hardness were measured in ten points.
Microstructure and fractured surface
All the sintered discs were examined by X-ray diffractometer (JDX-3500, JEOL, Akishima, Japan) using a copper target with accelerated voltage of 3 Â 10 4 V, tube current of 0.3 A and a step scan of 4:18 Â 10 À2 rad/s. Each sintered disc was fixed with a utility wax in the center of a window (25 mm in length Â 16 mm in width) of an aluminum plate holder. The microstructures of sintered discs treated at different sintering temperatures and for different periods were observed. The sintered discs were embedded in epoxy resin and then ground with SiC paper and polished with a suspension of alumina particles. Each polished disc was immersed for several seconds in an etching solution consisting of HCl (l 1.5 cm 3 ), HNO 3 (2.5 cm 3 ), HF (1.1 cm 3 ) and water(95 cm 3 ). The microstructures of the sintered discs after etching were observed with a light microscope (OPTIPHOT, Nikon, Tokyo, Japan), and photographs of the microstructures were taken using a digital camera (COOLPIX 950, Nikon, Tokyo, Japan). The tensile fractured surface of the dumbbell-type casting sintered at 1473 K for 7.2 ks was observed with a scanning electron microscope (S-4000, Hitachi, Tokyo, Japan). Mapping images of elemental distributions of the same sintered discs as those used for observation of the microstructure with the light microscope were examined with an electron-microprobe analyzer (JXA-8900M, JEOL, Akishima, Japan).
Statistical analysis
One-way analysis of variance was used to examine statistical differences in physical and mechanical properties of green and sintered castings using the program Multi-Tokei (SRI, Tokyo, Japan) The viscosities of all three slips had a minimum at pH of about 4.5, decreasing with decrease in pH. Viscosity decreased considerably with a slight increase in W/P ratio. Figure 6 shows the green densities and strengths of castings produced from slips with different W/P ratios. For the investigated W/P ratios there was no significant difference in the bulk densities of the castings. (p > 0:05). The green densities of all castings were about 2.20 kg/m 3 . A significant difference was found between the green strengths (p < 0:05). Mean green strengths of castings produced from slips with W/P ratios of 0.318, 0.354 and 0.391 were 2.31, 3.09 and 3.82 MPa, respectively. negligible compared to that of wrought titanium plates of 45.3%. Figure 10 shows an X-ray diffraction pattern of a casting produced from a slip with W/P ratios of 0.391 that had been sintered at 1373 K for 7.2 ks. Typical peaks of -titanium and TiC were identified. Basic crystal structures of all other sintered castings were that of -titanium, but specific peaks of TiC were not detected by X-ray diffractometry. Figure 11 shows metallurgical structures of sintered castings produced from a slip with a W/P of 0.318 that had been heated at different sintering temperatures and for different periods. At a sintering temperature of 1373 K, number of pores decreased with increase in sintering times. Higher sintering rates obtained at 1473 K and 1573 K produced fewer pores and the crystal grain growth was observed. The same metallurgical structures were also seen in castings produced from slips with W/P ratios of 0.354 and 0.391 that had been sintered at the same temperatures and time. Rod-like precipitates were found in all of the sintered castings (See also Fig.12(a) .). Figure 12 shows SEM images and mapping images of elemental distribution in a casting produced from a slip with a W/P ratio of 0.391 that had been sintered at 1573 K for 7.2 ks. Carbon and oxygen were detected by EPMA through the sintered casting. Second phases were observed along the crystal grain boundaries of the sintered casting as long and narrow precipitates. The precipitates were composed of titanium, carbon and oxygen Figure 13 is the fractured surface of a tensile casting produced from a slip with a W/P ratio of 0.354 that had been sintered at 1473 K for 7.2 ks. The fracture occurs through the crystal grains. Ridge patterns were observed on the fractured surface. Pores were also seen in crystal grains and along crystal grain boundaries. The same fractured surfaces were seen in sintered castings produced from slips with W/P ratios of 0.318 and 0.394. 1 Influence of powder concentration on the slip viscosity A Change in the W/P ratio of the titanium powder slip from 0.318 to 0.391 caused the viscosity of the slip to decrease considerably. In a thick suspension such as a slip, there is naturally interaction between titanium particles. These results suggest that adequate powder content is necessary for slips with desired fluidity. The viscosity of a dilute suspension with the volume fraction of particles less than 5% is given by Einstein's viscosity-formula. 20) According to the formula, the viscosity depends on viscosity of the medium and volume fraction of particles in the suspension. As the particle concentration in the slip is much higher then the 5% limit, the Einstein's formula fails to predict the slip viscosity. Norton et al. 21) developed a formula valid for the entire concentration interval, based on the flow properties of clay-water suspensions. The equation is based on the following independent effects: (1) viscosity of the liquid medium, (2) groups of particles and (3) interference of the particles.
Results
4.2 Influence of sodium alginate and pH on the slip stability A viscous medium such as alginate solution is used to produce a stable slip of metal powder by adjustment of pH 17, 22) as discussed below. Particles in commercial metal powder in a suspension are usually small but sediment easily since the density of a metal powder is greater than that of a ceramic powder. The stability of a metal slip is affected more by density than by electric charges on the surfaces of particles. In the case of metal slips, the principle of the Stokes law is useful for obtaining a stable slip.
23) The law explains the rate of sedimentation of a particle in a liquid medium:
where S is rate of sedimentation speed, D is diameter of a powder particle, m 1 and m 2 are densities of the powders and medium, is viscosity of the medium, and g is gravity constant. The rate of sedimentation is greatly influenced by the size of a particle and viscosity of the medium. The smaller the particles are and the more viscous the medium is, the more stable the slip is. Aqueous alginate solution as a medium also yields high viscosity even at a low concentration because of the macromolecular structure of alginate. Considering all the observations the slip of titanium is complex rheological system. The Na alginate used in this study is a similar polyelectrolyte as PMMA-Na as mentioned below. Dissociation of the Na alginate and electric charges on titanium particles were not examined here in this study. It is thought that the alginate also partly dissociates into main chains with acid group -COO À and Na þ in an aqueous solution. In the case of the titanium powder slip, by analogy with PMMA-Na, linearly dissociated groups of the alginate may be adsorbed on the titanium particles. The increasing viscosity of the slip with increase in pH indicates that the linear macromolecule chains shrink and become locked together on the addition of alkaline solution. The decrease in viscosity in the acid range is due to further dissociation of linear macromolecule chains of the alginate. The electric charges that are induced by the dissociation cause the releases of the intertwining of linear macromolecules because of their repulsive forces. In this stage of the study we cannot explain the observed increase of the slip viscosity for pH lower than 4.5. Further study is needed to determine the influence of the pH on the relationship between dissociation reaction of the Na alginate and surface electric charges of titanium particles.
The use of a polyelectrolyte such as Na polymethacrylate (PMMA-Na) to produce a stable casting slip for ceramic forming has also been proposed. 24) Dissociation of PMMANa increases with increase in pH of the solutions. Net surface charges on -Al 2 O 3 change from positive to negative with increasing pH. A-COO À with dissociation of PMMA-Na is adsorbed on positively charged -Al 2 O 3 powder in a suspension. The negatively charged polyelectrolyte chains repel each other and the suspension becomes stable. The amount of PMMA-salt absorbed increases with decrease in pH in a stable suspension. Flocculation occurs in a stable suspension when pH has decreased to a level below the range for stability, because more PMAA is required to maintain the suspension stability at lower pH values.
Fluidity of a slip is a closely related to stability of the slip. Stability of a slip means that dispersed powders do not easily separate from a liquid medium by coagulation and sedimentation. Therefore, preparation of a stable slip is important for factors in the slip casting. The principle of colloid chemistry is applied for preparation of stable slips in the ceramic industry. 25) A colloidal particle has a fixed layer of ions absorbed on its surface with a diffuse layer of counter ions surrounding the fixed layer. These two layers are called an electric double layer. Zeta potential is generated between the interface of the double layer and the bulk of a solution. 26) As the zeta potential increases, mutual repulsion of these layers causes colloidal particles to become more stable without flocculation in the solution.
pH of the slip is often adjusted to lower the viscosity of the slip so that the slip can flow into easily a mold. 22, 27, 28) The viscosity of a ball-milled alumina slip decreases with reduction in pH by addition of HCl solution. 25) Hydrogen ions are adsorbed on the surfaces of alumina particles. Chloride ions acting as counter ions surround the layers of hydrogen ions on the surfaces of the alumina particles. The viscosity of the alumina slip is decreased by the effect of repulsive forces derived from such an electric double layer. However, excessive addition of acid solution causes the viscosity of the slip to increase reversibly.
Green density and strength
It is expected that both density and strength of a casting will increase with decreasing in the W/P ratio of the slip. The density and the strength are affected by the packing condition of powder particles in the casting. The powder concentration per unit volume of slip increases as the W/P ratio of the slip decreases. It is thought that higher density and strength can be obtained by reducing the W/P ratio. However the green density does not depend on the W/P ratio. Relative density of the castings, which is the ratio of green density to theoretical density of titanium (4.51 kg/m 3 ), was about 0.49. In other words, the porosity is almost 50% for each W/P ratio. The castings have many pores that control the green density and the strength. The strength is actually influenced by the W/P ratio of the slip, but this is explained not by the unchanged density but by the difference in adhesive power of the alginate as a bonding material in each slip. The adhesive power increases with the W/P ratio of the slip. In pressure forming, 13, 29) green densities have been reported to vary from 2.11-3.34 kg/m 3 or 3.40-4.17 kg/m 3 , depending on particle sizes of titanium powder and compacting pressure, and the green compressive strengths have been reported to range from 0.62-102.62 MPa. The green densities and the green compressive strengths increased with increase in particle sizes of the powder in the pressing. The green densities obtained by slip casting are similar to those partly compared to ones obtained by pressure forming.
Linear shrinkage and relative density
During the sintering process the contact area between the particles increases while the porosity decreases.
30) The higher the sintering temperature is, the greater is the rate of sintering. Both sintering shrinkage and relative density are measures of densification in sintering of powder densification. 31, 32) Densification is also affected by particles sizes of powder, 33) forming pressure, 34) the sintering atmosphere. 35) In pressure forming, 13) linear shrinkages and densities of titanium compacts sintered in a high vacuum for 3.6 ks at 1373 K varied from 3.97 to 21.9% and from 3.05 to 4.44 kg/ m 3 , respectively. Green densities of slip castings are less than those of with pressure-formed compacts because slip casting is a process of non-pressure forming. The casting structure is highly porous proved by the small value of the relative density of 0.49. The relative densities of all slip castings sintered for 3.6 ks at 1372 K were about 0.84. Increasing the sintering temperature and time the final relative density increased up to 0.97. The Densification produced by the sintered castings comparable to that of the pressure forming. It was reported that the rate of densification in sintering of a slip casting was considerably greater than that of a pressureforming compact, because of the transport of materials during the forming, larger amounts of point lattice defects, different types of pores and faster grain boundary movement.
36)
Microstructure and phase analysis
Sintered materials have a polycrystalline structure that includes pores. Crystal grain growth is also observed during the sintering. When a slip with a W/P ratio of 0.318 was used, the casting sintered at 1373 K had many pores compared with castings sintered at temperatures of 1473 and 1573 K, indicating that a higher sintering temperature promotes sintering of casting. Similar changes in microstructure were observed when slips with W/P ratios of 0.354 and 0.391 were used.
Titanium has a hexagonal close packed structure (-phase) at a room temperature and is transformed into body center cubic structure (-phase) at 1155 K. Since the sintering temperature is well over -transition temperature the titanium in the sintered castings are -phase. After cooling in the furnace, the X-ray diffractometry comfirmed that titanium is in a -phase. It has also been reported thatcycling heating by programmed heating and cooling promotes the sintering. 37) Our sintering temperatures were over transition temperature, so all the effects reported occurred in our sintered castings.
EPMA analysis
The oxygen and carbon detected in the sintered castings by EPMA are derived mainly from the binder of sodium alginate. Sodium alginate is decomposed thermally into simple carbon, hydrogen gas, carbon monoxide and gaseous sodium in the sintering process. Since the titanium particles in green casting are covered with the alginate, it is thought that the decomposed carbon dissolve into lattice of titanium in the sintering process and during slow cooling precipitates as TiC along the crystal grain boundary as shown in Fig. 12 . The existence of TiC was also confirmed by XRD as shown in Fig. 10 . Furthermore, the results of EPMA suggest that the precipitated TiC phase contains oxygen and is expressed as Ti(C, O). Usually, organic binders are also necessary in an injection mold of metal powder. TiC occurs for reaction of titanium powder with an organic binder in a sintering process. 38, 39) Formation of TiC depends on the conditions of debinding before the sintering, the type of the binders and addition of TiH powder.
Tensile strength and hardness
The tensile strengths of the sintered castings were less than those of the wrought titanium plates. Load-elongation curves obtained from the tensile tests indicate that the sintered castings are brittle without plastic deformation. The bulk densities of the sintered castings produced from the three slips with different W/P ratios are all about 0.96, near the theoretical value. The degree of porosity does not seem to be related to the tensile strength of the sintered castings. It is thought that strength of the base titanium affects the strength of the sintered castings. 40, 41) The results of EPMA and XRD show that oxygen and carbon harden the base titanium and that TiC exists along crystal grain boundaries. A crack occurs near a pore because of stress concentration and propagates easily through the hard base titanium and along the crystal grain boundaries with TiC. As shown in Fig. 13 , fractography after the tensile tests indicated that fractures were generated through decohesion at the interface between the precipitate and matrix. As a result, the surface showed a ridge pattern that is typical of brittle fracture. In plasma-activated sintering, 14) the tensile strength of sintered titanium with a density of 4.5 was 650-760 MPa. Recently the metal injection molding process, 42) the tensile strength was shown to be 550-720 MPa in sintered titanium with a relative density of 0.97-0.99. The tensile strengths of the sintered titanium produced from the above two different methods were greater than those of wrought titanium plates. However, the hardness of the sintered castings was greater than that of wrought titanium plate. The dissolved oxygen and carbon affect the hardness of the sintered titanium.
The microstructures of the sintered castings need to be modified so that they do not contain amounts of oxygen and carbon exceeding the specified amounts of the Japanese Industrial Standards 43) in order to improve their mechanical properties. Possible methods of modification are proposed as
